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Abstract In,03 nanowires that are 10-50 nm in diameter
and several hundred nanometers to micrometers in length
have been synthesized by simply annealing Cu-In com-
pound at a relatively low temperature of 550°C. The
catalysis of Cu on the growth of In,O; nanowires is
investigated. It is believed that the growth of In,O3 nano-
wires is via a solid—liquid—solid (SLS) mechanism. More-
over, photoluminescence (PL) peaks of In,O3; nanowires at
412 and 523 nm were observed at room temperature, and
their mechanism is also discussed.

Keywords In,O3; nanowire - SLS - Cu catalyzed - PL

Introduction

One-dimensional nanowires are one of the most important
types of nanomaterials with great potential applications in
nanoelectronics and photoelectronics [1, 2]. Due to the
interesting optical and electrical properties, In,O; with
direct bandgap of around 3.6 eV has enabled many kinds of
applications, such as window heaters, solar cells [1, 2],
field-effect transistors [3], field emission devices [4], and
various sensors [5—7]. Last decades, intense investigation of
In,O5 nanowires has been made. Up to now, In,O3 nano-
wires have been synthesized by a variety of methods.
These methods fall into two categories depending on
whether a catalyst is used or not during nanowires growth.
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Without catalysts, In,O3 nanowires can be synthesized via a
vapor—solid (VS) mechanism by carbonthermal evaporation
[10-12], or by directly thermal evaporation of In particles
[14]. Patterning by use of templates [8, 9] and oxidation of
indium compound [13] have also been conducted to syn-
thesize In,O3 nanowires in the absence of catalysts. When
catalysts are used, nanowires can be synthesized on dif-
ferent substrates by a vapor-liquid—solid (VLS) mechanism
[15-17]. Even vertical arrays can be grown under special
conditions [18], mostly by using Au catalyst. Other cata-
lysts such as Ag and In have also been reported [19, 20].

Although Cu has been used as the catalyst for the growth
of Si and Ge nanowires due to its advantage [21, 22], the
use of Cu to catalyze the growth of In,O3 nanowires has
not been reported yet. Moreover, under common VLS
conditions In vapor is needed for the growth of In,O3
nanowires. This means that a relatively high temperature is
required to vaporize In during the growth. In this study,
solid Cu-In compound was first used to successfully syn-
thesize In,O3 nanowires at a relatively low temperature of
550°C. In the experiment, Cu acts as the catalyst to the
nanowires, and In solid instead of In vapor works as In
source so as to decrease largely the synthesizing tempera-
ture. And a solid—liquid—-solid (SLS) mechanism was used
to explain the growth of the nanowires.

Experimental Section

In and Cu-In compound nanoparticles were synthesized by
using a polyol method. In brief, 1 mmol InCl;-4H,O and
0.2 g poly(vinyl pyrrolidone) (PVP, K30) were dissolved
into 25 ml diethylene glycol (DEG) under N, at 140°C.
Several drops of freshly made NaBH,/tetraethylene glycol
(TEG) solution (0.2 g in 5 ml TEG) were added. The
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particles continued to grow for 3 min. As for Cu-In
nanoparticles, the same experimental procedure was used,
in which 1 mmol CuCl,-2H,O and 1 mmol InCl3-4H,0
were added. The products were separated by centrifugation
and washed several times by ethanol. Pure In particles with
diameters of 10-150 nm, and Cu—In compound particles
with particle sizes of 100-500 nm were obtained, respec-
tively. All the nanoparticles were centrifuged and washed
several times with ethanol to reduce the reacting solvent.
They were then dissolved in ethanol for further use.
Carefully washed glass substrates were coated with the
nanoparticles/ethanol solution by drop casting. The sam-
ples were subsequently transferred into a chemical vapor
deposition (CVD) chamber. Annealing at 550°C was car-
ried out for 1-2 h at a pressure of 1000 Pa in H,/N, (1:9)
atmosphere. After annealing, the color of Cu-In films
changed from black to gray, whereas that of In films hardly
changed. Additionally, for comparison, In films on Cu
substrates were also prepared for the above-mentioned
procedure. During the preparation of Cu substrates, they
were carefully washed by ultrasonic in ethanol and rinsed
with diluted hydrochloric acid.

X-ray diffraction (XRD) was carried out to study the
crystal structures of all the samples by using an X’Pert
PRO (PANalytical) diffractometer equipped with a Cu Ko
radiation source. Data were collected by step-scanning of

20 from 20° to 70° with a step of 0.02° and counting time
of 1 s per step. Morphology of the samples was investi-
gated by scanning electron microscopy (SEM, Hitachi
S4800). Transmission electron microscopy (TEM, Philips
CM200) was performed at an acceleration voltage of
160 kV. High-resolution transmission electron microscopy
(HRTEM, JEM2010) was performed at an acceleration
voltage of 200 kV. Differential thermal analysis (DTA)
was employed to investigate the transformation process of
Cu—In compound in N, atmosphere. Photoluminescence
(PL) was collected with a Ne-Cd laser at the line of
325 nm.

Results and Discussion

Figure la shows an SEM image of the precursor Cu—In
compound films on glass. It is clear that the metal com-
pound is mainly composed of particles with various sizes.
After annealing at 550°, nanowires that are 10-50 nm in
diameter and several hundred nanometers to micrometers
in length have been formed, as shown in Fig. 1b. Actually,
most of them are ~20 nm in diameter, as shown in the
TEM image (Fig. 1c). The winding nanowires are long and
entangled. The HRTEM image in Fig. 1d demonstrates that
the nanowires are monocrystalline with the lattice spacing

) 0.42nm (211)

0.5 1nm (20031

Fig. 1 a SEM of Cu-In compound on glass before annealing. b SEM, ¢ TEM, and d HRTEM of Cu-In compound on glass after annealing

for 2 h
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of 0.51 and 0.42 nm, consistent with the (200) and (211)
crystal plane of In,0s, respectively.

Figure 2 shows the XRD results for the as-grown Cu-In
compound particles and annealed products. The as-grown
metal compound mainly consists of In and Cu-In phases
(curve A in Fig. 2). This means that the as-grown Cu-In
compound is accompanied with In crystal. After annealing,
it can be seen from curve B in Fig. 2 that all of the peaks
are related to In,O5, and the three most intense peaks at
30.6°, 35.4°, and 51.0° correspond to (222), (400), and
(440) planes of In,Os, respectively. There are no clear
peaks associated with Cu—In compound or other materials.
Combined with the SEM and TEM results (Fig. 1), it can
be concluded that In,O; nanowires are formed after
annealing Cu-In compound.

To confirm the effect of Cu on the formation of In,O3
nanowires during annealing Cu—In compound, In particles
deposited on a glass substrate or Cu substrate were also
annealed at 550°C. The SEM images of the annealed
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Fig. 2 XRD patterns of Cu—In compound before (curve A) and after
(curve B) annealing in N»/H, for 2 h on glass
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Fig. 3 SEM images of In,O; nanowires synthesized by annealing In particles on a glass or b copper, and ¢ corresponding XRD patterns
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Fig. 4 a SEM (inset: higher magnification) and b TEM of In,O3 nanowires synthesized by annealing Cu—In compound for 0.5 h
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Fig. 5 Differential thermal analysis (DTA) of Cu—In compound in N,
atmosphere

samples on glass and Cu substrates are shown in Fig. 3.
The annealing condition is the same as that for Cu—In
compound. It can be seen that nanowires are formed after
annealing In particles on a Cu substrate (Fig. 3b), while the
sphere shape of particles is kept after annealing one on a
glass substrate (Fig. 3a. The XRD patterns of the corre-
sponding products in Fig. 3c verify that In particles on
glass are partly oxidized to In,O; particles, whereas little
hints of In is found from the products and Cu substrate.
Moreover, the lattice spacing of 0.36 nm in the inset of
Fig. 3b matches well with the (220) crystal plane of In,O3.
This experiment verifies again that Cu plays an important
catalyst rule on the formation of In,O3; nanowires. Without
Cu, In cannot be transferred into In,O5; nanowires even if it
is annealed at 550°C.

Since long nanowires are entangled, it is suspected that
Cu particles as catalysts in this experiment are not as easily
identified as Au particles [15—18]. In order to obtain shorter
In,O3 nanowires, In-Cu compound was annealed for only
0.5 h. The SEM and TEM images of the compound are
shown in Fig. 4. It can be seen that with a short annealing
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Fig. 6 PL from In,O3 nanowires measured at room temperature. The
constituent PL peaks are indicated by dashed lines. The inset is the
HRTEM image of a nanocrystalline InO particle

time the products are more like nanotowers, thicker at the
beginning and thinner at the top. The “particle-like” con-
trasts on the top of nanowires in the inset of Fig. 4a are
considered to be a zigzag characteristic of short nanowires.
Moreover, the TEM image in Fig. 4b illustrates that no
metal particles are obviously observed on the top of a
nanotower as the previous report [17]. That means that the
In,O3 nanostructures are formed via a different catalyst-
assisted growth mechanism from VS or VLS mechanism.

The DTA data shown in Fig. 5 indicate the change of
phase during the annealing of Cu—In compound. Point A is
related to the melting of In particles; point B results from
the transformation of Culn to Cu;,Ing and In; point C
indicates the decomposition of Cujilng, leading to the
formation of thermal equilibrium compositions of Cu;glng
and In, as same as reported in [23]. It is clear that after
annealing at lower temperatures, In elements will be driven
out of Cu—In compound. At about 530°C a clear tendency
of increase in weight is seen in Fig. 5. This means that In
element is oxidized, as reported in [24], while oxygen may
come from the leakage of CVD chamber or unpurified
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gases (esp. N»). In fact, it was reported before that In is
easy to oxidize, which has been observed even under ultra-
high vacuum in previous work [23, 25].

Zheng reported that In,O3 nanowires could be obtained
by vaporizing In particles at a high temperature of 900°C
via VS mechanism [14]. However, in this study, solid In
and a lower annealing temperature were employed.
Therefore, In,O3 nanowires should not be grown via VS
mechanism. In fact, at such a low temperature of 550°C,
solid In should not be vaporized. Moreover, according to
the results of Figs. 1, 2, 3, it is clear to confirm that Cu
plays a catalyst rule in the formation of the nanowires via a
different mechanism.

On the basis of the above-mentioned results, it is sug-
gested that In either in as-grown compound or driving out
from Cu-In compound can work for the growth of In,Oj3.
During annealing at ~550°C, Cu-In compound transfers
to the liquid form in an In-rich condition according to Cu—
In phase diagram. Hence, Cu—In liquid droplets can be
formed in the part of Cu—In compound in the initial stage of
annealing. And then, the rest of Cu—In compound is pos-
sibly “passivated” by oxidation, and ultimately retains a
solid phase. In this case, the first solid-liquid interface
between solid and liquid Cu-In compound is formed.
Later, supersaturated In in Cu—In compound will segregate
from the liquid droplets to interact with oxygen and to form
In,O5 solid. A second liquid—solid interface between liquid
Cu—In compound and In,0O3 solid is formed, resulting in
the growth of In,O; nanowires [26]. This growth mecha-
nism is related to two liquid—solid interfaces and three
different phases, so-called solid-liquid—solid (SLS) mech-
anism, which is analogous to vapor-liquid—solid (VLS)
mechanism. Since the In source supply is diffusion-limited,
the In,O; nanostructure is thicker at the bottom and
snagged thinner and thinner at the top as annealing time
increases, as indicated in Figs. 1b and 4a.

We also measured the PL spectra of the In,Oz nano-
wires, as shown in Fig. 6. The peaks at around 412 and
523 nm are observed, which are not from quantum con-
finement effect since the dimensions of the nanowires in
our experiments are beyond the range of the Bohr diameter
of an exciton in In,O3 (between 2.6 and 5 nm) [27]. It is
assumed that the blue emission peak with a small shoulder
at 412 nm originates from the exciton combination [10].
The process of exciton formation is closely related to
oxygen vacancies (Vg5) as demonstrated by electron para-
magnetic resonance (EPR) [28]. The PL peak at around
520 nm is rarely observed in vacancy-related emission to
our knowledge. Zhou et al. ascribed the PL peak at 520 nm
to amorphous InO nanoparticles, the size of which was
semiquantitatively determined to be 6 nm [29]. Therefore,
the light emission around 520 nm may be also from
amorphous InO nanoparticles in the amorphous phases

@ Springer

around In,O3; nanowires, which are indicated in Fig. 1d.
We believe that the reducing environment at a relatively
low annealing temperature contributes to the formation of
amorphous InO nanoparticles and oxygen vacancies.

Conclusion

In,O; nanowires have been synthesized by simply
annealing Cu-In compound particles at a relatively low
temperature of 550°C. It is found that Cu catalyzes the
growth of In,O; nanowires, while In as the source may be
segregated from the Cu—In compound. On the basis of the
results, an SLS growth mechanism of In,O3 nanowires is
suggested. Finally, the peaks in the PL spectra of In,O;
nanowires at 412 and 523 nm were considered to originate
from oxygen vacancies and amorphous InO nanoparticles,
respectively.
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